Platelet-derived growth factor alpha (PDGFA) is frequently upregulated in various cancers and thought to function as a key player in the development and progression of tumor growth by regulating aspects of cell proliferation, angiogenesis and metastasis. However, the mechanism by which it is upregulated is not fully understood. Previously, we demonstrated that conditional deletion of two transcription factors that signal for the bone morphogenetic proteins (Smad1 and Smad5) in ovarian granulosa cells causes metastatic granulosa cell tumors (GCTs) in female mice and phenocopies human juvenile GCTs (JGCTs). Smad1/5 double conditional knockout tumors, as well as human JGCTs, are highly vascularized, hemorrhagic and mitotically active. Expression analysis of these tumors and their metastases revealed a significant upregulation of key proliferation and pro-angiogenic factors such as Pdgfa, Pdgfb and Vegf. We examined whether these genes were direct targets of SMAD1 and SMAD5. Knockdown of SMAD1 and SMAD5 in mouse primary granulosa cells and a human GCT-derived cell line (COV434) resulted in upregulation of PDGFA, but not PDGFB nor VEGF. We identified several putative SMAD1/5-binding sites in the PDGFA promoter, and chromatin immunoprecipitation and reporter assays demonstrated that SMAD1/5 interact with the PDGFA promoter to regulate its activity. Further, SMAD1/5 antagonize the activity of the transcription factor Sp1, a well-known positive regulator of PDGFA, by inhibiting its occupancy at a key regulatory site on the proximal PDGFA promoter. Collectively, our studies establish that loss of SMAD1/5 leads to upregulation of PDGFA in ovarian granulosa cells, and that a novel regulatory interaction exists between the BR-SMADs and Sp1 in controlling PDGFA expression during granulosa cell tumorigenesis.
INTRODUCTION
Although the tumor-promoting functions of the transforming growth factor beta (TGFB) signaling pathway have been studied extensively, 1 the contribution of the bone morphogenetic protein (BMP) family, and their receptor-regulated transcription factors (that is, Smad1 and Smad5 (herein called BR-SMADs)), to cancer progression is less well characterized. In vitro studies have shown that BMPs can suppress growth of normal cells and human colon, prostate and breast cancer cell lines when the BMP signaling components are intact. 2 In addition, the BMP pathway is inactivated in 70% of colorectal cancers, and germline mutations have been found in the BMP type I receptor, BMPRIA/ALK3, in patients with juvenile polyposis syndrome. 3, 4 Deletion of two of the BMP type I receptors, Bmpr1a and Bmpr1b, in granulosa cells of the ovary in mice causes granulosa cell tumor (GCT) development with evidence of increased TGFB and hedgehog signaling. 5 In addition, conditional deletion in granulosa cells of Smad1 and Smad5 (Smad1/5 double conditional knockout (dKO)), which are phosphorylated by these receptors in response to BMP signaling, leads to the formation of highly vascularized GCTs with full penetrance and with an increased incidence of peritoneal metastases and hemorrhagic ascites with age. 6 Subsequent studies revealed that this mouse model develops a disease profile most similar to human juvenile GCTs (JGCTs), a rare form of sex cord stromal tumors. 7 Although these studies suggest that disruption of the BMP signaling pathway at the receptor or transcription factor level promotes cancer development, little is known about the mechanism involved in the switch toward malignancy when the BMP signaling pathway is disrupted.
A number of well-known proliferation and pro-angiogenic growth factors including isoforms of platelet-derived growth factors (PDGF) were altered in a microarray analysis of Smad1/5 dKO tumors. 6 PDGFs are well-known signaling molecules implicated in various developmental process and human diseases, including cancer. 8 PDGFs are composed of four polypeptide subunits, designated PDGF-A, -B, -C and -D. These subunits function as homodimers (PDGF-AA, PDGF-BB, PDGF-CC and PDGF-DD) or heterodimers (PDGF-AB) and activate the PDGF receptors, a and b, to stimulate various cellular functions including proliferation, differentiation and apoptosis. 8 A growing body of literature strongly suggests that autocrine and paracrine activated PDGF signaling is commonly observed in the development of many tumors and inhibition of PDGF/PDGFRs slows tumor cell growth in several experimental models. 9 Although it has been shown that TGFB positively regulates PDGFB transcription via its transcription factors SMAD2 or SMAD3, and the effect of TGFB on cell proliferation depends on PDGFB/PDGFR signaling, 10 a link between SMAD1/5 and PDGF expression has not been reported. Given the importance of PDGF signaling, as well as a proposed tumor-suppressor function for the BMP/SMAD pathway in cancer development, we hypothesized that the BR-SMADs are integrally involved in the regulation of PDGFA, an interaction that would facilitate tumorigenesis if either pathway were misregulated. In this study, we demonstrate that SMAD1/5 are novel DNA-binding repressors of PDGFA, and establish a mechanistic link between BR-SMADs loss and PDGFA upregulation in ovarian granulosa cell tumors.
RESULTS
Angiogenic factors are upregulated in Smad1/5 dKO tumors On the basis of the hemorrhagic and highly vascular phenotype of the Smad1/5 dKO tumors and a preliminary microarray analyses, 6 we analyzed the expression level of key angiogenic factors in wildtype mouse granulosa cells, Smad1/5 dKO tumors and peritoneal metastases. Quantitative PCR of Smad1/5 dKO tumors and metastasis demonstrated significant upregulation of Pdgfa (Figure 1a) , Pdgfb (Figure 1b) and Vegfa (Figure 1c ), but not Vegfb (Figure 1d ) compared with the wild-type mouse granulosa cells, suggesting that the vascular and hemorrhagic phenotype of the tumors from Smad1/5 dKO mice might be due to changes in expression of these growth factors.
Loss of Smad1/5 increases Pdgfa expression in mouse granulosa cells To determine whether any of the increases in Pdgfa, Pdgfb or Vegfa expression in the Smad1/5 dKO tumors were a direct result of Smad1 and Smad5 loss, we co-transfected small interfering RNA (siRNA) specific to both Smad1 and Smad5 into primary cultures of wild-type mouse granulosa cells. We used a double knockdown strategy because single conditional deletion of either gene in mice has no effect, whereas their double conditional deletion causes GCT development. 6 Knockdown of Smad1 and Smad5 (Figures 1e and f) resulted in a significant increase in expression of Pdgfa (Figure 1g ), but not Pdgfb (Figure 1h ), Vegfa or Vegfb (Supplementary Figures S1A and B) . These data suggest that Pdgfa may be a direct downstream target of Smad1/5, and the upregulation of Pdgfb and Vegfa in Smad1/5 dKO tumors likely occurs secondarily to Smad1/5 loss.
Upregulation of Pdgfa in mouse granulosa cells is independent of BMP signaling In order to test whether Pdgfa regulation depends on BMP signaling, wild-type mouse granulosa cells were treated with dorsomorphin (DM), 11 a small molecule inhibitor for ALK1/2/3/6 in combination with BMP7 ligand for 5 and 12 h. To validate the efficacy of DM treatment and its ability to inhibit BMP7-induced phosphorylation of BMP-responsive SMADs, we evaluated the expression of Id1, the promoter of which is known to be a direct target of BMP signaling through the BR-SMADs 12,13 and which also has been shown to be downregulated in Smad1/5 dKO tumors. 6 DM significantly suppressed BMP7-induced Id1 expression at both time points (Figures 2a and d) . In addition, Id1 expression is also significantly downregulated in Smad1/5 knockdown mouse granulosa cells (Supplementary Figures S2A-C) , indicating that both treatments can effectively block BMP signaling. We expected that DM treatment would mimic the siRNA knockdown experiments and lead to an increase in Pdgfa expression. Interestingly, Pdgfa transcript levels were not changed in response to any treatment at both 5 h (Figure 2b ) and 12 h (Figure 2e ). Furthermore, in order to determine the activation of major BMP signaling pathway, western blotting was performed using antiphosphoSmad1/5/8 antibodies to detect phosphorylated (activated) Smad proteins. BMP7-induced phophorylation of SMAD1/5/8 within 5 h of treatment (Figure 2c ) and gradually diminished with time ( Figure 2f ). These data suggest that BR-SMAD regulation of Pdgfa expression in granulosa cells may not be dependent on phosphorylation of Smad1 or Smad5, but may instead depend on their presence/absence.
Human JGCTs expresses components of PDGF and BMP signaling pathway JGCT is a rare disease and expression of PDGF and BMP signaling components in JGCT has not been previously reported. Expression analysis of PDGF pathway signaling components in human JGCTs show that PDGFA and its receptors (PDGFRA and PDGFRB) are expressed in the 75% of the tumors used in this study ( Figure 3 ) indicating that like many other cancers, human JGCTs express BR-SMADs bind to the PDGFA promoter and regulate its activity The human PDGFA promoter has been studied extensively, but its regulation by the BR-SMADs has not previously been reported. Putative SMAD1 and SMAD5 interaction sequences have been described previously 16, 17 and using bioinformatics, we identified several putative SMAD1/5-binding sites within the PDGFA proximal promoter (Figure 5a ). Importantly, there are two SMAD1/5 downstream binding sites close to the transcription initiation site that overlap a region that is known to contribute 80% of the promoter activity. This region is known to be regulated by specificity protein 1 (Sp1), as well as several other transcription factors. 18 These findings prompted the hypothesis that SMAD1
and SMAD5 may directly bind to the Pdgfa promoter and mediate its repression by interplay between BR-SMADs and Sp1.
To examine whether SMAD1 and SMAD5 directly interact with the PDGFA promoter, chromatin immunoprecipitation was performed on COV434 cells using an anti-SMAD1 antibody that recognizes both SMAD1 and SMAD5.
16 SMAD1/5 bind to the PDGFA promoter ( Figure 5b ) and quantitative PCR of immunoprecipitated PDGFA DNA revealed a significant threefold enrichment of SMAD1/5 at the proximal promoter region ( À 294F to À 82R) relative to immunoglobulin G and negative control (no-locusspecific primers) ( Figure 5c ). These data clearly demonstrate the specific interaction of BR-SMADs with the PDGFA promoter.
To analyze the ability of SMAD1 and SMAD5 to regulate the PDGFA promoter, we co-transfected luciferase reporter plasmids containing À 881 or À 261 base pairs upstream of the PDGFA transcriptional start site into wild-type mouse granulosa cells and human COV434 cells along with control (scrambled) siRNA or siRNA specific for SMAD1 and SMAD5 (Figures 6a and b) . A significant increase in luciferase activity was observed in cells transfected with each luciferase plasmid compared with cells transfected with the promoterless parent vector alone (pGL3-Basic). Cells co-transfected with either the À 881:luc or À 261:luc in combination with SMAD1-and SMAD5-specific siRNAs exhibited a statistically significant increase in reporter expression, indicating that the BR-SMADs suppress expression of PDGFA. These data also suggest that SMAD-binding elements span both of these constructs, though the increase during siRNA knockdown is less in the À 261:luc construct than in the longer À 881:luc construct.
BR-SMADs antagonizes Sp1 activation of the PDGFA promoter Numerous studies have shown an interaction, either direct or indirect, between the TGFB/activin downstream transcription factor SMAD3 and two well-known positive regulators of PGDFA transcription, Sp1 and early growth response protein 1 (Egr1). 19 In this study, we did not detect an increase in the expression of Sp1 or Egr1 in Smad1/5 dKO tumor cells compared with wild-type mouse granulosa cells, and in fact, Egr1 expression was reduced Figure 2 . Regulation of Pdgfa is independent of BMP signaling through type I receptor. Cells were the treated with vehicle control medium or with 100 ng/ml BMP7 in the presence or absence of 10 mM DM for 5 and 12 h. Cells were harvested for total RNA and protein for real-time PCR and western blotting. DM markedly reduced Id1 induction by BMP7 at 5 h (a) and 12 h (d), whereas no change is observed in Pdgfa expression (b, e). (c, f ) Phosphorylation of SMAD1/5/8 in mouse granulosa cells detected by immunoblot after pre-treatment with DM for 30 min followed by treatment with BMP7 for 5 and 12 h. The membrane was stripped and re-probed for b-actin antibody for loading control. Different letters above the bars indicate statistical significance (n ¼ 3; Po0.05).
(Supplementary Figures S4A and B) . In addition, knockdown of Smad1/5 in wild-type mouse granulosa cells and COV434 had no effect on Sp1 expression levels ( Supplementary Figures S4C and  D) . Furthermore, mammalian two-hybrid assay experiments revealed that SMAD1/5 did not interact with Sp1 (Supplementary Figure S5 ). Collectively, these results infer that BR-SMADs likely do not inhibit Sp1 activity by directly binding to Sp1, but instead, compete with Sp1 for binding sites on the promoter.
Several transcription factors such as Wilms tumor protein 1, GC factor 2 and nuclear factor I/X have binding motifs in the PDGFA promoter that overlap with Sp1-binding sites, and overexpression of these factors repressed the activity of the PDGFA promoter by competing with Sp1 for DNA binding. [20] [21] [22] To determine whether SMAD1/5 has the ability to compete with Sp1, we transiently overexpressed SMAD1/5 and Sp1 in cells expressing the PDGFA luciferase reporter plasmid ( À 881:luc). As expected, PDGFA promoter-dependent expression was induced more than twofold on overexpression of Sp1 alone (Figure 7a ). Co-expression of Sp1 with SMAD1/5 resulted in the inhibition of inducible PDGFA promoter activity (Figure 7a ), suggesting that SMAD1/5 exerts its repressive activity via a competitive DNA-binding mechanism similar to the other transcriptional repressors of PDGFA.
To demonstrate whether overexpression of BR-SMADs inhibit Sp1 occupancy of the PDGFA promoter, we next performed chromatin immunoprecipitation using Sp1 antibody in COV434 cells transfected with pcDNA3.1 (control) and Flag-tagged SMAD1 Figure 7b ). On overexpression of SMAD1/5, interaction of the SP1 with the PDGFA promoter was significantly decreased compared with the control (Figure 7c ). These data suggest that SMAD1/5 compete with Sp1 for binding to the proximal region of the PDGFA promoter.
To gain insight into the potential functional significance of the SMAD1/5-binding site overlapping the 5 0 -most Sp1 site in the proximal promoter (labeled as SMAD1/5-Sp-A in Figure 5a ), we introduced mutations into site of the PDGFA promoter ( À 216 mutA:luc). As expected and similar to the previously observed result (Figure 7a) , transient co-expression of Sp1 with SMAD1/5 in cells expressing the PDGFA luciferase reporter plasmid ( À 261:luc; control) resulted in the complete inhibition of inducible PDGFA promoter activity. In contrast, mutation in the SMAD1/5-binding site (GAGGCGGGG to CTGGCGGGG (the underlining indicates the bases that were mutated); À 261 mutA:luc) failed to repress the promoter activity of PDGFA and Sp1 transactivation on overexpression of SMAD1/5 (Figure 7d) . Collectively, these data and our DNA-binding studies suggest that the regulation of PDGFA gene transcription can be governed by interplay between SMAD1/5 and Sp1. . Induction of the human PDGFA promoter following knockdown of SMAD1 and SMAD5. Luciferase reporter plasmids containing À 881 or À 261 base pairs of the human PDGFA promoter were transfected into wild-type mouse granulosa cells (a) and human COV434 cells (b) following transfection of control (scrambled) siRNA ( À KD) or siRNAs specific for SMAD1 and SMAD5 ( þ KD) along with the renilla luciferase control plasmid (pRL-TK). Twenty-four hours after transfection, the cells were lysed and assessed for luciferase activity. Luciferase activity from both the constructs was significantly increased in the absence of SMAD1 and SMAD5. Data are presented as the ratio of firefly luciferase to renilla. Different letters above the bars indicate statistically different means by analysis of variance and post hoc analysis (n ¼ 4; Po0.05). pGL3B indicates the pGL3-Basic promoterless parent plasmid.
DISCUSSION
Recent advances in elucidating the molecular pathogenetic mechanisms that regulate various signaling pathways in tumorigenesis have allowed for the development of new therapeutic approaches in treating human cancers. In this study, we demonstrate that Smad1/5 dKO tumors and human JGCTs display elevated levels of PDGFA and we show regulation of PDGFA by BRSMADs in ovarian granulosa cells and tumors. Although conditional deletion of Smad1 and Smad5 in ovarian granulosa cells causes an increase in expression of Pdgfa in tumors, it was unclear if this was a direct or indirect effect of Smad1/5 deletion. However, RNA interference, chromatin-immunoprecipitation, and luciferase reporter experiments demonstrate that BR-SMADs directly mediate the expression of PDGFA by binding to conserved SMAD1/5-binding sites in the proximal promoter region of this gene, which have not been previously reported. This novel regulatory mechanism appears to be conserved in both humans and mouse granulosa cells.
The PDGFA promoter is well characterized and regulated by number of transcriptional activators (the (Sp) family and EGR1) and repressors (Wilms tumor protein 1, GC factor 2 and nuclear factor I/X). 23 Most of these repressors mediate transcriptional repression through competition with the transcriptional activators for common binding sites within the promoter region. 18 From our analysis, we observed a SMAD1/5-binding element that overlaps completely with the 5 0 most Sp1 site in the PDGFA proximal promoter (labeled as Sp-A in Supplementary Figure S2) . Studies in different cell lines have shown that deletion of this region results in a significant decrease in signal in CAT reporter assays, an effect that can be further enhanced when downstream sites (Sp-binding sites B-D) are also deleted. 23, 24 Results from this study demonstrate that the BR-SMADs block Sp1 induction by inhibiting its occupancy of the proximal PDGFA promoter in a similar fashion as the other transcriptional repressors. These findings indicate that under normal conditions in preovulatory granulosa cells, the repression of PDGFA transcription is likely governed by an interplay between BR-SMADs and Sp1 at this site. However, further studies are warranted to understand the functional relevance of the putative SMAD elements on the proximal PDGFA promoter in the context of regulating tumorigenesis.
Although the role of BMPs in tumor development is not well described, the dual nature of TGFB to act as both a tumor suppressor or as an oncogene in different cell types is well known. In some human cancers, the TGFB/SMAD2/3 pathway is hyperactivated and in part, TGFB promotes tumor growth and metastasis formation through the induction of various growth factors including PDGFB and VEGF.
1 Our published studies show that GCTs derived from Smad1/5 dKO mice, as well as JGCT in humans, display active TGFB signaling; 6, 7 however, the contribution of dysregulated TGFB signaling to GCT development is not known. Results from this study show significant upregulation of Pdgf and Vegf isoforms in the Smad1/5 dKO tumors and metastasis. However, knockdown of Smad1/5 in shortterm in vitro cultures of granulosa cells results in the upregulation of Pdgfa, and not Pdgfb or Vegf isoforms. These findings suggest that induction of Pdgfa may acts as an initial/primary event during GCT progression, which may in turn favor these cells to directly or indirectly acquire dysfunctional TGFB-SMAD2/3 signaling and a tumor phenotype. Thus, SMAD2/3 signaling in the context of loss of SMAD1/5 could eventually lead to secondary changes such upregulation of Pdgfb and Vegfa that drive additional aspects required for tumor development, such as neovascularization or metastasis.
Overexpression of PDGFA has been reported in several cancers including ovarian clear cell carcinoma. 8, 25, 26 In addition, autocrine mechanisms of PDGFA action have been observed in models of glioblastoma that express multiple isoforms of the PDGF ligands and receptors. 27 Recent studies exploring the use imatinib mesylate (Gleevec) (a potent tyrosine kinase inhibitor) have shown promising results in the treatment of chronic myeloid leukemia and gastrointestinal stromal tumors, which exhibit activating mutations in PDGFR. 28 GCTs are generally considered indolent tumors, but are associated with late recurrences, at which time the survival rate is significantly shortened. 29 Previous studies have demonstrated the expression of PDGF receptors in both adult and juvenile forms of GCTs, 30, 31 but the function or expression of PDGFA in JGCTs has not been reported. This tumor type is rare, and although our samples size is small, the majority of tumor samples used in this study exhibited expression of PDGFA, PDGFRA and PDGFRB, suggesting that autocrine PDGF receptor stimulation could contribute to the tumor growth. Our data suggest that the expression of the PDGF pathway may make JGCT or its recurrences a suitable target for treatment with tyrosine kinase inhibitors. This line of treatment is also interesting because of a recent report that imatinib can protect oocytes and follicle development in immature mice that have received the chemotherapeutic agent cisplatin. Collectively, our studies demonstrate that loss or reduced expression of BR-SMADs in granulosa cells thus leads to the upregulation of PDGFA, which may in turn facilitate aspects of tumor growth, angiogenesis and/or metastasis in GCTs (Figure 8 ). These data are relevant not only to granulosa cell tumorigenesis or other tumors that show upregulation of PDGFA, but also have implications for reproductive physiology. Female Smad1/5 dKO mice are subfertile before developing GCTs, 6 although the mechanism underlying their reproductive defect is unknown. Although we show that in preovulatory granulosa cells, BR-SMADs suppress expression of PDGFA, the consequence of pathologic expression of PDGFA in Smad1/5 null cells is unknown in part because PDGF function or regulation in the ovary is not well studied. However, our data suggest that BR-SMAD regulation of PDGFA is an initial step in a process that ultimately results in the development of JGCT. As the PDGF ligands and receptors are also expressed in human JGCT, inhibition of this pathway could thus be exploited as a potential treatment regime.
MATERIALS AND METHODS

Granulosa cell culture
All experimental animals were maintained in accordance with the NIH Guide for the Care and Use of Laboratory animals using Institutional Care and Use Committee approved protocols at Baylor College of Medicine. Collection and culture of wild-type mouse granulosa cells were performed as previously described. 33 Human samples 
COV434 cell culture
The COV434 line of immortalized granulosa cells derived from a primary human GCT was purchased from Health Protection Agency culture collections, Salisbury, UK. COV434 cells were maintained in Dulbecco's modified Eagle's medium-F12 with GlutaMAX (Invitrogen, Carlsbad, CA, USA) and supplemented with 10% fetal bovine serum (Invitrogen) and 10 U/ml penicillin and streptomycin (Invitrogen) at 37 1C in a humidified atmosphere of 5% CO 2 .
SMAD1/5 siRNA transfection siRNA transfections were performed using the Lipofectamine RNAiMAX reagent (Invitrogen) according to the manufacturer's instructions. Briefly, cells were plated overnight in medium containing 10% fetal bovine serum before transfection. Three hours before transfection medium was removed and cells were rinsed once with phosphate-buffered saline and replaced with fresh medium. Scrambled control ('mock') siRNA or combined SMAD1 and SMAD5 siRNAs (Ambion, Foster City, CA, USA) were transfected at a concentration of 50 mM. The cells were cultured with siRNA complexes for 12 h, followed by a change in the medium, and an additional 24-h culture for mouse granulosa cells and 48-h culture for COV434 before harvesting for analysis. We did not observe any difference in the knockdown levels of SMAD1 and SMAD5 in COV434 incubated at 24 or 48 h. For small molecule inhibitor assay, wild-type mouse granulosa cells were treated with vehicle control buffer (0.1% dimethylsulphoxide), 10 mM DM (Calbiochem, San Diego, CA, USA) and rhBMP7 (100 ng/ml) (R&D Biosystems, Minneapolis, MN, USA) preincubated with/without DM. Cells were harvested for RNA and protein after 5 and 12 h of treatment.
Reverse transcriptase-PCR and quantitative PCR analysis
Total RNA from cells and tumor tissues were extracted using RNeasy Micro or Mini Kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions. Complementary DNA synthesis from total RNA was performed using High Capacity RNA to cDNA Master Mix (Applied Biosystems, Foster City, CA, USA) in accordance with the manufacturer's instructions. Realtime quantitative PCR was performed using an Applied Biosystems Prism 7500 or Step-One Plus sequence detection system and data were analyzed according to the DDC T method and expressed relative to the control mean (set to equal '1') as described previously. 6 All primer sequences used for real-time and semi-quantitative PCR are provided in Supplementary  Table 1 .
Protein extraction and western blotting
Primary mouse granulosa cells and human COV434 cells were lysed in RIPA buffer with protease inhibitors. Lystaes were incubated on ice for 30 min and centrifuged at 13 200 Â g for 10 min at 4 1C and were boiled for 10 min before loading. Protein samples were separated on a 4-12% gradient polyacrylamide gel (Invitrogen) and electroblotted onto a polyvinylindene difluoride membrane (Invitrogen). Following transfer and blocking in 5% non-fat dry milk in Tris-buffered saline containing 0.1% Tween-20 (TBST) for 1 h, the membrane was then incubated overnight at 4 1C with rabbit anti-phospho-Smad1/5 (Ser463/465) antibody (Cell Signalling, Beverly, MA, USA; 41D10) diluted at 1:1000 or mouse anti-human SMAD1 antibody (Biomatrix Research, Chiba, Japan; BMR 00479) diluted at 1:500 or rabbit anti-human PDGF-A antibody (Santa Cruz, Santa Cruz, CA, USA; N-30) diluted at 1:500 or mouse anti-FLAG M2 antibody (Sigma-Aldrich, St Louis, MO, USA, A8592) diluted at 1:1000 or mouse anti-b-actin antibody (SigmaAldrich, A5316) diluted at 1:10 000. The membrane is washed for three times 5 min each and then incubated with peroxidase-labeled secondary antibody diluted at 1:10 000 in the blocking solution. The membrane was washed again with TBST, followed by detection with SuperSignal West Pico Chemiluminescent Substrate (Pierce, Rockford, IL, USA).
Promoter analysis rVISTA software 34 was used to identify putative SMAD1 and SMAD5 transcription factor binding sites within the human PDGFA proximal promoter region.
Plasmid Constructs
The plasmids À 881:luc and À 261:luc containing 881 and 261 bp of the human PDGFA-promoter upstream of Firefly luciferase were obtained from Dr David Kaetzel and Marian Novak (University of Kentucky). Mutant form of À 261:luc plasmid, À 261mutA:luc was constructed using the GeneArt site-directed mutagenesis kit (Invitrogen) in accordance with the manufacturer's instructions. The expression plasmids FLAG:SMAD1 was obtained from Xin-Hua Feng (Baylor College of Medicine), FLAG:SMAD5, Figure 8 . Model of BR-Smad repression of PDGFA promoter activity. Earlier studies demonstrated that Sp1 mediates the basal transcription of the PDGFA gene through binding to four consensus binding sites in the proximal promoter region (denoted sites 'A-D'). Based on chromatin immunoprecipitation (ChIP) data, we suggest that SMAD1 and SMAD5 bind to the proximal promoter region of PDGFA and block the 'A' site for the Sp1 binding, thereby inhibiting gene expression. Loss of the BR-SMADs (SMAD1 and SMAD5) in ovarian granulosa cells thus allows Sp1 to bind to the 'A' site and leads to increased PDGFA activation, possibly initiated cell proliferation and contributing to disease onset. pcDNA3.1:Sp1, pACT:SMAD1, pACT:SMAD5 and pBIND:Sp1 plasmids were generated by PCR-based technique in our laboratory. Primer sequences used for cloning are provided in Supplementary Table 1 .
Transient transfection and luciferase assays
Wild-type mouse granulosa cells and COV434 cells were seeded in 24-well tissue culture plate for 24 h before transfection. When B70-80% confluent, the cells were transfected with respective plasmids and incubated for 24 h followed by SMAD1/5 siRNA transfection as mentioned above. Transfections also contained the renilla luciferase plasmid (pRL-TK) (Promega) as a control for transfection efficiency. Luciferase plasmids were transfected using FuGENE HD transfection reagent (Roche Molecular Biochemicals, Pleasanton, CA, USA) according to the manufacturer's protocol. Luciferase activity of the cell lysates was assessed 48 h after transfection using the Dual-luciferase Reporter Assay System (Promega). For overexpression of Flag tagged SMAD1 and SMAD5, COV434 cells were plated at a density of 6 Â 10 4 cells per well in six-well tissue culture plate for 24 h before transfection. Cells were transfected using FuGENE HD transfection reagent (Roche Molecular Biochemicals) according to the manufacturer's protocol and incubated for 72 h before being harvested for analysis.
Chromatin immunoprecipitation assay
Chromatin immunoprecipitation assays were performed using Imprint Chromatin Immunoprecipitation Kit (Sigma-Aldrich) according to the manufacturer's protocol using an anti-Smad1/5 antibody (BMR 00479; Bio Matrix Research) and Sp1 antibody (Millipore, Billerica, MA, USA; 17-601). Primer sequences used for chromatin immunoprecipitation analysis are provided in Supplementary Table 1.
Mammalian two-hybrid system
Interaction between BR-SMADs and Sp1 were examined using the CheckMate/FlexiH Vector Mammalian Two-Hybrid System (Promega) according to the manufacturer's instructions. Briefly, mammalian twohybrid vectors pACT and pBIND, which express VP16-SMAD1 and SMAD5 and GAL4-Sp1 fusion proteins, respectively, were constructed and co-transfected with pGL4Cherry (mCherry/GAL4UAS/Hygro) vector 35 in COV434 cells using FuGENE HD Transfection Reagent (Roche Molecular Biochemicals) according to the manufacturer's protocol. pBIND vector was modified to expresses yellow fluorescent protein by separate promoter as a control for transfection efficiency. 35 Forty-eight hours later the transfected cells were lysed using cell lysis buffer from Dual-luciferase Reporter Assay System kit (Promega) and red fluorescence (mCherry) and yellow fluorescence protein were measured using a POLAR Star Omega microplate reader (BMG LabTech, Offenburg, Germany). Protein interactions were quantified using the ratio of red fluorescence to yellow fluorescence.
Statistical analysis
Statistical analyses were performed using the GraphPad Prism 5 (GraphPad Software, La Jolla, CA, USA) or SPSS Statistics v.19 (IBM, SPSS, Chicago, IL, USA). Single comparisons were carried out using two-tailed, unpaired ttests and Po0.05 was considered statistically significant. Multiple comparisons were carried out using analysis of variance followed by Fisher's least significant difference test. All replicates included four independent experiments unless otherwise indicated in the figure or figure legend.
